To evaluate the utility of high-resolution vessel wall imaging (HR-VWI) of middle cerebral artery (MCA), and to compare HR-VWI findings between striatocapsular infarction (SC-I) and lenticulostriate infarction (LS-I). Materials and Methods: This retrospective study was approved by the Institutional Review Board, and informed consent was waived. From July 2009 to February 2012, 145 consecutive patients with deep subcortical infarctions (SC-I, n = 81; LS-I, n = 64) who underwent HR-VWI were included in this study. The degree of MCA stenosis and the characteristics of MCA plaque (presence, eccentricity, location, extent, T2-high signal intensity [T2-HSI], and plaque enhancement) were analyzed, and compared between SC-I and LS-I, using Fisher's exact test. Results: Stenosis was more severe in SC-I than in LS-I (p = 0.040). MCA plaque was more frequent in SC-I than in LS-I (p = 0.028), having larger plaque extent (p = 0.001), more T2-HSI (p = 0.001), and more plaque enhancement (p = 0.002). The eccentricity and location of the plaque showed no significant difference between the two groups. Conclusion: Both SC-I and LS-I have similar HR-VWI findings of the MCA plaque, but SC-I had more frequent, larger plaques with greater T2-HSI and enhancement. This suggests that HR-VWI may have a promising role in assisting the differentiation of underlying pathophysiological mechanism between SC-I and LS-I.
INTRODUCTION [SC-I]) and smaller lacunar infarction (lenticulostriate infarction [LS-I]) (1).
Being a large artery disease (LAD), occlusion of perforating branches by an atherosclerotic plaque in the middle cerebral artery (MCA) is a prevalent cause of SC-I (2, 3). Conversely, LS-I is also classified as a small-vessel occlusive disease (SVO), related to small-vessel lipohyalinosis (3, 4) . The differentiation between SC-I and LS-I is clinically important, since differing pathogenesis of SC-I and LS-I necessitates different clinical managements; systemic anti-atherosclerotic medication, such as statin, may be effective in patients with SC-I, whereas blood pressure management with anti-platelet agents may be useful in patients with LS-I (5). However, LAD may also cause small LS-I due to the protrusion of an atherosclerotic plaque into the orifice of the perforators, occluding the kjronline.org lumen (4, (6) (7) (8) (9) (10) . Accordingly, deep subcortical infarctions with different vascular pathologies may have similar shape and location. Therefore, differentiating between SC-I and LS-I as the pathogenesis of LAD and SVO, is challenging (1) .
High-resolution vessel wall imaging (HR-VWI) is a useful tool to image intracranial arteries, including MCA (11) (12) (13) (14) (15) . It is able to determine the mechanism of stroke, such as atherosclerosis, plaque rupture, and plaque growth over the perforator ostia (16, 17) . In 2015, Ryoo et al. (16) applied HR-VWI to differentiate the vascular pathology in deep subcortical infarctions. Deep subcortical infarctions were classified as branch occlusive disease (BOD) (where parent arterial disease occludes the perforator's orifice), and the non-BOD (caused by artery-to-artery embolism). They discovered the characteristic plaque remodeling pattern, location and enhancement in the BOD groups compared to the non-BOD groups (16) . However, based on the above classification, the BOD and non-BOD were comprised solely of LAD, and not SVO. Moreover, since BOD and non-BOD were defined by the location of the infarction on magnetic resonance imaging (MRI) (16) , the BOD group could have included patients with underlying SVO. Therefore, this study had limitations in the differentiation between LAD and SVO in deep subcortical infarction confined to the striatocapsular region.
To overcome this limitation, our study divided the patients with deep subcortical infarctions into two groups: the SC-I group and the LS-I group. The concept of adopting concept of SC-I and LS-I was to include deep subcortical infarctions developing from both LAD and SVO, and to better assist in the differentiating the underlying stroke mechanism in LAD and SVD. With the use of HR-VWI, we aimed to evaluate the characteristic findings of MCA plaque in patients with deep subcortical infarctions, further distinguishing the difference between SC-I and LS-I. To summarize, our study aimed to evaluate the utility of HR-VWI of MCA, and to compare the HR-VWI findings between SC-I and LS-I.
MATERIALS AND METHODS

Patients
This retrospective study was approved by the Institutional Review Board, and informed consent was waived. 
MRI Protocol
MRI was performed using a 3T scanner (Achieva; Philips Healthcare, Best, The Netherlands) with 8-channel (n = 1) and 32-channel (n = 144) SENSE head coils. During the study period, HR-VWI was implemented as a part of routine brain MRI protocol for patients with acute or chronic MCA region infarction. HR-VWI was obtained in patients with MCA infarction to evaluate possible parent artery disease on MCA, including in patients with normal-looking MCA on MR angiography (MRA) (18) (19) (20) . Acute infarction was defined based on DWI and apparent diffusion coefficient (ADC) map (21) . For patients with acute infarctions, HR-VWI was not performed in the initial MRI, but was performed during the follow-up brain MRI within 7 days. Chronic infarction was defined in patients who had followup MRIs, and who were diagnosed with acute infarction more than 1 month before study inclusion. Patients with chronic infarction underwent HR-VWI as a part of routine follow-up MRI. A 3D time-of-flight (TOF) MRA was obtained for the localizer before HR-VWI. The HR-VWI was composed of T1-weighted imaging (T1WI), proton density imaging, T2-weighted imaging (T2WI), and contrast-enhanced T1WI (CE-T1WI). The acquisition orientations were sagittal for HR-VWI. The parameters for each sequence in HR-VWI are described in Table 1 . In addition, DWI, conventional T1WI and T2WI, fluid-attenuated inversion recovery imaging, gradient recoiled echo T2*WI, and CE-T1WI were performed, as per the routine protocol of our institution for patients with clinically suspected stroke. The total scan time for the entire scanning process, including routine brain MRI and 
Imaging Analysis
Two board-certified neuroradiologists (with 7 and 17 years of experience, respectively), were blinded to the clinical information, and reviewed the HR-VWI, brain MRI and MRA, to reach a final consensual diagnosis.
Striatocapsular infarction and LS-I were classified by radiological characterization (1, 14) . SC-I was defined as a comma-shaped infarction with a diameter greater than 15 mm, restricted to the territory of the lenticulostriate arteries (LSAs). The location of SC-I included the caudate head, putamen, intervening internal capsule, and corona radiata. LS-I was defined as a solitary infarction attributable to single perforating artery occlusion. The upper diameter limit of LS-I was 15 mm, and the volume on DWI was less than 1.8 x 10 3 mm 3 . Both SC-I and LS-I were additionally classified into acute and chronic infarctions, in accordance with the signal intensity on DWI and ADC map (21) .
Based on TOF-MRA, the degree of MCA diameter stenosis was classified as follows: none, 0%; mild, 0−49%; and moderate to severe, 50−99%. The reference vessels with normal diameter located contralateral or proximal to the stenosis determined the degree of stenosis (16) . HR-VWI determined the presence of the plaques at ipsilateral MCA with infarction. A plaque was defined as an eccentric or focal wall thickening compared with the nearby vessel wall (13, 22) . In cases with present MCA plaques, the eccentricity was defined as a localized plaque surrounding less than 75% of the vessel wall (23) . The location of the plaque was then determined, using the thickest part of the plaque as a reference point on cross-sectional imaging. The MCA was segmented into 6 divisions in the short-axis view (antero-superior, superior, postero-superior, anteroinferior, inferior, and postero-inferior divisions), and the plaque location was designated as the divisions occupied by the plaque. Accordingly, one plaque could be distributed across the divisions. After localization, the plaque extent was also measured in the short-axis view. Among the 6 divisions designated for the plaque location, the number of divisions occupied by the plaque in each case was used to evaluate the plaque extent. Moreover, visual assessment corroborated whether the plaque was located on the origin of LSA. To locate the LSA origin, HR-VWI first located the infarction and its proximal apex. From the apex, down to the M1 segment of the ipsilateral MCA, we identified the vascular structure of LSA and its origin from the M1 segment. Finally, we evaluated the presence of intraplaque T2-high signal intensity (T2-HSI) and plaque enhancement. Intraplaque T2-HSI was interpreted with a reference to the signal intensity of gray matter in the adjacent brain parenchyma (23) . Plaque enhancement was identified when signal intensity increased by more than 20% after contrast agent injection (16) .
Statistical Analysis
Categorical variables are expressed as frequencies with percentages, and continuous variables are presented as the mean values ± standard deviations. Clinical data between patients with SC-I and LS-I were compared using Student's t test, chi-square test, and Fisher's exact test. According to the presence of acute or chronic infarctions, the characteristics of MCA plaque between the two groups were compared using chi-square test and Fisher's exact test. The number of divisions reflecting the plaque extent was compared using Student's t test. In addition, we designated the findings of eccentric plaque, plaque on the LSA origin, intraplaque T2-HSI, and plaque enhancement, as the positive findings for symptomatic MCA plaque (13, 14, (23) (24) (25) . We divided 145 patients according to the presence 
RESULTS
Clinical Findings
A total of 81 patients with SC-I and 64 patients with LS-I were included in our study. Table 2 shows the demographic data and risk factors of stroke in patients with SC-I and LS-I. No statistically significant difference was observed with respect to the clinical data between the two groups. Table 3 summarizes the radiologic findings of MCA plaques of SC-I and LS-I. Totally, TOF-MRA revealed that 63 (77.8%) of 81 patients with SC-I, and 41 (64.1%) of 64 patients with LS-I, had stenosis in MCA. The stenosis was more severe in SC-I than in LS-I (p = 0.040). On HR-VWI, the plaque in MCA could be identified in 72 out of 81 patients with SC-I (88.9%), and in 48 out of 64 kjronline.org patients with LS-I (75.0%, p = 0.028). Among those with MCA plaque, the frequency of eccentric plaque showed no significant difference between the two groups (13.9% vs. 12.5%, respectively; p = 0.571). The location of the plaque according to the 6 divisions in the short-axis view was also not significantly different between SC-I and LS-I (all divisions, p > 0.05) (Fig. 1) . The number of divisions in which the plaques were distributed was significantly higher in SC-I (3.74 ± 1.78) than in LS-I (2.67 ± 1.98, p = 0.001).
Plaque Characteristics According to Infarction Subtypes
The presence of the plaque on the origin of LSA did not significantly differ between the two groups (p = 0.492). The MCA plaque in SC-I showed more T2-HSI (52.8%) and more plaque enhancement (72.2%) than in LS-I (27.1% and 52.1%, p = 0.001 and 0.002, respectively). The same trend in the statistical result was derived in the analysis including only those patients with acute infarction (Table 3 ).
When we compared the incidence of SC-I and LS-I according to the presence and the absence of symptomatic MCA plaque characteristics, 141 patients with at least one symptomatic plaque characteristic showed a higher incidence of SC-I (n = 73) than LS-I (n = 48, p = 0.023). Figure 2 is a representative case of SC-I with symptomatic MCA plaque findings.
DISCUSSION
Our results revealed that patients with SC-I had more Fig. 1 . Location of MCA plaque in SC-I and LS-I. Two circular graphs show relative incidence of MCA plaque in 145 patients. MCA is segmented into 6 divisions in short-axis view. Scale 1.0 (bright yellow) refers to highest incidence of plaque (100%), and scale 0.0 (dark red) refers to lowest incidence of plaque (0%). Incidence between 0% and 100% appears in gradient color display, from maximum and minimum values. Overall incidence of MCA plaque is higher in SC-I than in LS-I, but location of plaque among 6 divisions in MCA does not differ in SC-I and LS-I. AS = antero-superior, AI = antero-inferior, I = inferior, LS-I = lenticulostriate infarction, MCA = middle cerebral artery, PI = posteroinferior, PS = postero-superior, S = superior, SC-I = striatocapsular infarction severe stenosis at MCA than patients with LS-I. According to HR-VWI, the MCA plaque was more frequent and extensive in SC-I than LS-I. More importantly, intraplaque T2-HSI and plaque enhancement were more frequently detected in SC-I than in LS-I. Therefore, HR-VWI provided characteristic MCA plaque findings, and could help to differentiate between SC-I and LS-I.
Many studies have utilized HR-VWI to determine the mechanism of ischemic stroke by revealing the underlying MCA plaque morphology in deep subcortical infarctions (11-14, 16, 26) . Deep subcortical infarctions could develop as LAD from atherosclerosis in MCA, or as SVO from perforator occlusion (1-4, 7, 9, 27) . One previous study classified deep subcortical infarctions from LAD into either BOD by parent artery disease causing perforator orifice occlusion, or non-BOD by artery-to-artery embolism, in accordance with the presence or absence of infarction outside the striatocapsular region, such as cortical infarction (16) . As a result, BOD was associated with milder stenosis, more frequent positive remodeling, as well as more frequent and more eccentric plaque enhancement in MCA than non-BOD. However, patients with deep subcortical infarctions from underlying SVO were not included in this study. Nevertheless, since deep infarctions confined at the striatocapsular region can also result from SVO, the definition of BOD can be limited to reflect the underlying pathology of LAD.
To overcome this limitation, we adopted the classification Korean J Radiol 18(6), Nov/Dec 2017 kjronline.org of SC-I and LS-I in deep subcortical infarctions. We believe that the differentiation between LAD and SVO in deep subcortical infarctions without evidence of distal embolism, is also important in patient management. SC-I refers to the infarctions restricted to the basal ganglia and corona radiata which do not extend to the overlying cortex, with typical shape and clinical features (4, 9, 27) . SC-I may result from atherosclerotic stenosis of the ipsilateral carotid artery or MCA, or from cardiac or artery-to-artery embolism, rather than small vessel lipohyalinosis (1-3, 7, 9) . Accordingly, the size of SC-I is considered to be greater than 2−3 cm (1, 27) , with severe clinical symptoms including hemiparesis, aphasia, neglect, or apraxia (28) . Conversely, LS-I is a typical small deep lacunar infarction resulting from arteriolosclerosis of the small penetrating arteries by lipohyalinosis and angionecrosis (1, 9).
Therefore, LS-I can be determined by its small size−usually smaller than 1. ). This probably allowed HR-VWI to delineate finer structures in MCA than in TOF-MRA. Second, previous studies have already reported that HR-VWI could reveal abnormal wall thickening in the patent artery which appear to be normal on TOF-MRA (18) (19) (20) . It has been concluded that this phenomenon may be due to arterial adaptation to plaque development, causing positive arterial remodeling (18, 29) .
Notably, MCA stenosis on TOF-MRA was more severe, and the plaque on HR-VWI was more frequent, with greater extent in SC-I patients than in LS-I patients. This demonstrates that atherosclerosis of MCA is a more frequent cause of SC-I than of LS-I. Importantly, the parameters for vulnerable plaque, including T2-HSI and plaque enhancement (14, (23) (24) (25) , were more frequently detected in SC-I than in LS-I. Therefore, the vulnerable MCA plaque also contribute to the development of infarction with an underlying pathology of LAD. In 2012, Kim et al. (14) determined the infarction pattern using HR-VWI, and they discovered that 1) the vulnerable plaque was frequently associated with artery-to-artery embolic infarction, 2) stable plaque was more associated with in situ thrombosis or SVO, and 3) patients without plaque mostly had SVO. These findings are in line with our results. Here, we show that the plaque is more extensive in patients with SC-I than in patients with LS-I. However, our results suggest that vulnerable MCA plaque is capable of creating SC-I, without the development of cortical artery-to-artery embolic infarctions. Hence, we can assume that the incidence of vulnerable plaque may also be high in SC-I, without any evidence of distal embolic infarction. Indeed, when we compared the number of SC-I and LS-I according to the presence of symptomatic MCA plaque on HR-VWI (13, 14, (23) (24) (25) , the incidence of SC-I was higher in patients who had symptomatic plaque findings.
Imaging findings of patients who only had acute infarctions at the time of HR-VWI were analyzed separately. The purpose was to overcome the limitation of the temporal discrepancy between the onset time of infarction and the imaging time. According to the analysis, cases with both acute and chronic infarctions show a similar trend to those with only acute infarctions. It is verified that the imaging time of HR-VWI did not significantly affect the result of our study.
Although the plaque extent and plaque vulnerability assessed by T2-HSI and plaque enhancement (14, (23) (24) (25) were larger in SC-I than in LS-I, we should carefully consider the sizeable proportions of LS-I cases showing similar features to SC-I. Especially regarding plaque vulnerability, 20.3% of acute and chronic LS-I showed intraplaque T2-HSI, and 39.1% of them showed plaque enhancement. In 2012, Chung et al. (20) performed HR-VWI in patients with LS-I, and they reported a surprisingly high prevalence of parent artery branch atheromatous plaques. In accordance with this previous report, our study suggests that small-sized LS-I develop from symptomatic plaque in MCA, which should therefore be categorized as LAD, and not SVO. Likewise, we were unable to detect any MCA plaque in 11.1% of acute and chronic SC-I. In fact, the occlusion of perforating artery causes infarction with a maximal diameter of up to 3 cm (1). This indicates that categorizing SC-I as LAD, and LS-I as SVO, solely based on size criteria can be incorrect and misleading for the clinical management of the patient. Therefore, we recommend that HR-VWI should be used to precisely assist in the subtyping of SC-I and LS-I in deep subcortical infarction.
Regarding the plaque location, a previous study reported that superior wall plaques near the orifice of LSA were more likely to be symptomatic, resulting in larger penetrating artery infarction (13, 26) . However, our results showed that the location of the plaque did not significantly differ between SC-I and LS-I. We believe that this was due to the limitation of the assignment of plaque location on the short-axis views. On longitudinal morphological analysis, the plaque can be divided into mid-point and shoulder area, where the plaque shoulder is more prone to rupture (30) (31) (32) . Based on this, we assume that if the inferiorlylocated plaque is large enough to place its shoulder at the LSA origin, it can cause LSA occlusion and symptomatic infarction by plaque rupture. Indeed, our results showed that plaque extent was significantly larger in SC-I than in LS-I, thereby supporting the above explanation. Hence, we speculate that plaque location could not be used in differentiating between SC-I and LS-I. Rather, under the presence of the MCA plaque, the focus should be on the evaluation of plaque vulnerability on HR-VWI, for good patient management. In addition, LSA itself is still limited to be visualized on 3T MRI, since it has a small diameter ranging from 0.3 to 0.7 mm (33, 34) . A future progress in Our study has some limitations. First, the atherosclerotic plaques in MCA were not histopathologically confirmed. However, since all patients in our study survived infarction, the pathological confirmation was impossible. Second, as mentioned before, the resolution was not sufficient to provide a clear evaluation of LSA itself. The visualization of LSA and its orifice at MCA would provide substantial information regarding vascular pathology, and concrete evidence for the development of SVO. Therefore, further efforts should be made to improve the resolution of HR-VWI. Third, we evaluated the plaque extent by dividing MCA into 6 divisions, and calculated the number of divisions occupied by the plaque. A measurement of the plaque volume would have been a more accurate approach, but we believe that this was a convenient method to estimate the axial extent of the MCA plaque. Lastly, our scan range was approximately 16 mm, which may not have covered the entire length of the M1 segment of MCA. However, since the main purpose of our study was to evaluate the plaque in the M1 segment that contributes to the development of the deep subcortical infarction, we pre-adjusted the scan range of the M1 segment for each individual patient to include the LSA origin, by confirming the proximal portion of the infarction on DWI and by rough tracing the signal of LSA on the source images for TOF-MRA. After approximating the LSA origin on the M1 segment, more than 50% of the M1 segment was encompassed, with certitude of the inclusion of the LSA origin.
In conclusion, both SC-I and LS-I have similar HR-VWI findings of the MCA plaque, but SC-I had more frequent, larger plaques with greater T2-HSI and plaque enhancement. Therefore, HR-VWI may have a promising role in assisting in the differentiation of underlying mechanism between SC-I and LS-I.
